Abstract Experimental results from the implementation of an inverse dynamics compensation scheme on a three-axis CNC mill with an open-architecture software controller are presented. The scheme amounts to imposing a continuously variable displacement on the commanded toolpath, which compensates for the physical limitations (inertia and damping) of each machine axis, producing accurate execution of the prescribed toolpath. Numerical values for the dimensionless parameters that characterize the second-order inverse dynamics model are determined by feeding input and output data from machine runs into a system identification software tool. For a basic P-type controller, exact a priori solutions for the modified path geometry are possible, allowing implementation by simple alterations to the real-time interpolator. The experimental results based on a P-type controller indicate that the inverse dynamics scheme is highly effective in suppressing both feed (lag/lead) error and contour error (deviation from the desired path), even at high feedrates along strongly curved toolpaths. The scheme thus provides a practical means of achieving smooth and accurate execution of free-form paths, without appealing to more complicated "active" control strategies.
Introduction
In a previous study [5] , a scheme was presented that attempts to improve the accuracy of three-axis CNC machines, when executing strongly curved paths at high feedrates, by compensating for the inertia and damping of each axis. The scheme was based on a physical model of the axis drive system, governed by a proportional integral derivative (PID) controller. By transforming the variable in the dynamic model from time to the curve parameter, it was shown that the desired compensation can be achieved through a continuously variable path modification, specified as the solution of a certain system of ordinary differential equations.
The focus in [5] was on formulation of the basic mathematical framework and algorithms for the inverse dynamics compensation (IDC) scheme, and illustration of its use by software simulation. The focus of the present study is on an experimental verification of the practical effectiveness of this scheme on a real three-axis CNC machine, using model parameters obtained by analysis of input/output data from runs on the machine with a system identification software tool. The simulations in [5] cannot adequately predict the practical value of the IDC scheme, since a dynamic model cannot incorporate every physical limitation on the accuracy of a machine. The results described below demonstrate that, using a simple second-order dynamic model with appropriate parameters, the IDC is extremely effective in suppressing motion errors due to axis inertia and damping when the axis accelerations implied by the feedrate and path curvature remain well within the capacity of the axis drive systems. This effectiveness is largely attributable to the use of analytic curved path descriptions, which admit exact closed-form expressions for the referencepoint displacements required in each servosystem sampling interval.
Whereas the scheme in [5] was presented in the general context of a PID controller, the experiments described below employ only a P controller. The motivation for this is twofold. In the first place, a simple and exact solution for the path modification is possible for P control. For PI or PID control, on the other hand, the path-modification differential equations no longer admit closed-form solutions. If approximations are employed, great care should be exercised in ensuring that the approximation error is much smaller than the typical machine positioning errors attributable to axis inertia and damping (which are themselves typically very small). In the second place, coupling the inverse dynamics scheme with a P controller is observed to yield performance equalling or surpassing that of PI or PID control. For example, an integrator is typically employed to suppress steady-state (lag) error along the toolpath. But, as described below, the inverse dynamics compensation proves equally effective in this respect-when using the compensator, there is no discernible feed error improvement with a PI controller over a P controller.
As in [5] , the present study emphasizes planar paths, since the extension to spatial paths is straightforward. Moreover, we focus only on the intrinsic machine dynamics and do not consider cutting forces, external disturbances, etc. Dynamic forces are often dominant in high-speed machining (HSM) of complicated shapes, incurring large rates of acceleration/deceleration [2, 14, 16, 17] . It should also be emphasized that the scheme requires the toolpath geometry to be communicated to the real-time interpolator as a sequence of extended analytic curve segments-it is not compatible with part programs employing numerous short linear/circular G code segments.
We now outline the plan for the remainder of this paper. Following a brief review of the inverse dynamics model in Section 2, the system identification procedure (that determines the model parameters characterizing the specific CNC machine employed in the experiments) is described in Section 3. The experimental procedure, data analysis methods, and sample test curves used to assess the performance of the inverse dynamics scheme are then presented in Section 4. Section 5 describes the results of the experiments and discusses their significance. Finally, Section 6 summarizes the key findings of this study and identifies some problems that deserve further investigation.
Inverse dynamics model
Standard dynamic models [1, 4, 20] for CNC axis drive systems governed by PID controllers relate the commanded path (X(t), Y (t)) to the actual path (x(t), y(t) ) executed by a machine through differential equations of the form a x ...
where dots denote derivatives with respect to time t. For brevity, we consider here only planar motion (the extension to spatial paths is elementary).
The block diagram of a typical system modeled by the equations in Eq. 1 is shown (for the x-axis) in Fig. 1 . The physical variables (and their dimensions) are as follows: u (V) is the control variable; k a (A/V) and k t (N m/A) are the current amplifier and motor torque gains; J (kg m 2 ) and B (kg m 2 /s) are the x-axis inertia and damping; T (N m), ω (rad/s), and θ (rad) are the motor torque, angular speed, and position; r g (m/rad) is the transmission ratio (the axis translation for unit rotation of the motor shaft); and k p , k i , and k d are the proportional, integral, and derivative gains for the PID controller.
In Fig. 1 , e = X −x is the axis position error, i.e., the difference between the commanded and actual axis locations. The power amplifier converts the actuating signal u from the controller into a current i to the motor, which produces a torque T that determines the angular speed ω through the axis inertia J and damping B. The motor shaft angle θ, obtained by integrating ω, determines the axis linear position x through the transmission ratio r g .
Setting K = k a k t r g , the transfer function relating the Laplace transforms x(s) and X(s) of the output and input for the system in Fig. 1 
and the coefficients in (1) become
